Abstract Recent studies report rapid corrosion of metals and carbonation of minerals in contact with carbon dioxide containing trace amounts of dissolved water. One explanation for this behavior is that addition of small amounts of H 2 O to CO 2 leads to significant ionization within the fluid, thus promoting reactions at the fluid-solid interface analogous to corrosion associated with aqueous fluids. The extent of ionization in the bulk CO 2 fluid was determined using a flow-through conductivity cell capable of detecting very low conductivities. Experiments were conducted from 298 to 473 K and 7.39 to 20 MPa with H 2 O concentrations up to *1,600 ppmw (mole fraction of water, x H 2 O &3.9 9 10 -3 ), corresponding to the H 2 O solubility limit in liquid CO 2 at ambient temperature. All solutions showed conductivities \10 nSÁcm -1 , indicating that the bulk solutions were essentially ion-free. This observation suggests that the observed corrosion and carbonation reactions are not the result of ionization in CO 2 -rich bulk phase, but does not preclude ionization in the fluid at the fluid-solid interface.
plants and injecting it into confined geologic formations (carbon capture and storage, or CCS) is one means to reduce the impact of fossil fuel combustion on the atmosphere. Geological sequestration has the potential to store CO 2 for thousands of years [2] . Another option is to reduce CO 2 emissions by increasing the contribution of alternative energy sources that do not generate CO 2 during electricity production, such as geothermal. Moreover, using CO 2 produced by burning of fossil fuels as the working fluid [3] in Enhanced Geothermal Systems (EGS) reduces CO 2 emissions to the atmosphere and offers the potential to avoid complications associated with using H 2 O as the heat exchanging fluid. These complications include dissolution/precipitation of minerals in the reservoir and scaling in the pipes and turbines [4] . Additional advantages of using CO 2 in enhanced geothermal energy production include its high expansivity and low viscosity, as well as greatly reduced water consumption, which is particularly important in arid regions such as the western USA [4] .
Until recently, investigation of fluid-mineral interactions occurring in geological reservoirs associated with CCS has focused on CO 2 -saturated brine [5] . However, because the CO 2 -rich phase is less dense than the aqueous phase under PT conditions relevant to CCS, following injection the CO 2 will migrate to the top of the formation where it will be in contact with cap rock (in saturated conditions, the aqueous phase will be the wetting fluid). Likewise, the CO 2 -rich phase will be in contact with metal during CCS injection and when CO 2 is the working fluid in geothermal energy production. If the bulk CO 2 -rich phase (and/ or the wetting phase) has a high reactivity, it could impact cap rock integrity, cause equipment corrosion, and threaten storage security.
The formation and ionization of carbonic acid can lead to dissolution and/or carbonization of materials in contact with the solution. The interaction of H 2 O and CO 2 in very CO 2 -rich compositions and the mechanism(s) behind the rapid carbonization reactions reported in previous studies are not well understood. Possibilities include: formation and ionization of carbonic acid in the bulk CO 2 solution; ionization only near fluid-solid interfaces, such as when a thin film of H 2 O forms at the interface as suggested by Lin et al. [6] and Regnault et al. [7] ; direct interaction of molecular H 2 O and CO 2 with the surface as described in detail by Schaef et al. [8] for brucite and suggested by Regnault et al. [7, 9] for portlandite; direct interaction of CO 2 and the surface as predicted by Glezakou and Dang [10] for elemental iron, or some combination of the above processes.
This report is based on sensitive conductivity measurements performed using a new apparatus designed and built at Oak Ridge National Laboratory. The design of the ORNL conductivity apparatus and the experimental methodology adopted in this work have been strongly influenced by the experience gained by one of us (MSG) during his postdoctoral research at the University of Delaware [11] . The pioneering conductivity cell built shortly before this time under direction of Professor Robert H. Wood [12, 13] was the first to adopt the fluid flow design which extended the range of reliable measurements by several decades towards extremely dilute solutions, enabling determination of the ionic mobilities and equilibrium constants in high-temperature aqueous solutions with unprecedented accuracy. This paper is dedicated to Professor Wood on the occasion of his 80th birthday.
H 2 O-CO 2 Phase Relations
At the PT conditions relevant to this study (298-473 K and 7.39-20 MPa), H 2 O and CO 2 have limited mutual solubility [14] [15] [16] [17] [18] [19] . In this study we use the model of Spycher and Pruess [14] for the CO 2 -rich end of the system and the Duan and Sun [15] model, following the methodology presented in Steele-MacInnis et al. [18] and Bodnar et al. [19] , to estimate phase equilibria in the H 2 O-CO 2 system. Figure 1 presents a phase diagram for the system H 2 O-CO 2 at PT conditions relevant to this study. Isotherms in Fig. 1 show phase boundaries at 298, 323, 373, 423, and 473 K from 6.5 to 20 MPa. The 298 and 323 K isotherms are indistinguishable at this scale for CO 2 -rich compositions. The field highlighted in darker blue at the far left of Fig. 1 corresponds to a H 2 O-rich fluid in the 1-phase field for all experimental temperatures. The region between the leftmost isotherm and the 298 K isotherm at the H 2 O-rich end of the system (light blue) is in the 2-phase field for temperature [298 K. At the H 2 O-rich end of the system and in this PX space, some isotherms cross. At the lowest pressure depicted (6.5 MPa) the isotherms shown from left to right are 473, 423, 373, 323 and 298 K, i.e., the solubility of CO 2 in H 2 O decreases with increasing temperature. At the highest pressure depicted (20 MPa) the isotherms from left to right are 373, 423, 323, 473, and 298 K. This behavior (more easily visible in Fig. 2a ) is indicative of a transition from retrograde to prograde solubility with increasing pressure and is not of particular interest to this study as experiments were not performed in this region of PX space.
The area between the leftmost and rightmost isotherms at the CO 2 -rich end of the system (light yellow) is in the 2-phase field at temperatures [298 K. A small region highlighted in red is shown at the CO 2 -rich end of the system, between the 298 K isotherm and the right ordinate. This region (which is more apparent in Fig. 2b ) is in the 1-phase field for all experimental temperatures. The PX region over which two phases are present for all experimental conditions is shaded grey in Fig. 1 . Figure 2a 2 covering the PT range of this study. Isotherms at the H 2 O-rich end of the system are calculated from Duan and Sun [15] . Isotherms at the CO 2 -rich end of the system are calculated from Spycher and Pruess [14] . At the H 2 O-rich end of the system, certain isotherms cross (more clearly visible in Fig. 2a ). These isotherms are labeled in order from left to right at 6.5 MPa and, for the H 2 O-rich end, again at 20 MPa. At the CO 2 -rich end of the system the 323 and 298 K isotherms are not distinguishable in this figure (see Fig. 2b ). The regions of the figure highlighted in bright blue (far left) and red (far right, more easily visible in Fig. 2b ) are in the one-phase field for all experimental temperatures. The gray region in the center of the figure is in the 2-phase field for all experimental temperatures. The regions highlighted in light blue (left) and light yellow (right) are in the 2-phase field at some experimental temperatures and in the one 1-phase field at others (a) and (b), respectively-presented separately to highlight the phase equilibria for H 2 Orich and CO 2 -rich compositions.
Relationship Between Water Content and the Formation and Ionization of Carbonic Acid
Recent experimental studies [6] [7] [8] [9] 20] have investigated the reactivity of ''wet'' CO 2 with geological and man-made materials. These studies agree that carbonation reactions that are not observed to occur in ''dry'' CO 2 do occur in the presence of H 2 O-bearing CO 2 fluids (including here reactions involving ''dry'' CO 2 that extract H 2 O from hydrated phases, e.g. Regnault et al. [9] ). Studies that also tested CO 2 -saturated H 2 O [6, 20] present evidence that carbonation reactions proceed more rapidly at interfaces where the solid is in contact with the CO 2 -rich phase, compared to cases in which the substrate is in contact with the H 2 O-rich phase. Speciation considerations provide a background for examining the extent of ionization in the system H 2 O-CO 2 . In aqueous solutions, CO 2 and H 2 O react to form carbonic acid:
Some carbonic acid subsequently dissociates or ionizes: [15] . Isotherms at the CO 2 -rich end of the system (b) are calculated from Spycher and Pruess [14] . Color coding is the same as Fig. 1 . See the caption of Fig. 1 
So the full reaction, from neutral species to products, is:
The apparent equilibrium constant of this reaction for aqueous solutions has been determined over a wide range of PT space using conductivity measurements [21] [22] [23] [24] . Other investigators employed potentiometric [25] [26] [27] and spectroscopic techniques [26, 28] . It is likely that reaction of H 2 CO 3 with OH -(sourced from the auto-ionization of water) is required to ionize H 2 CO 3 in the CO 2 -H 2 O system [29] .
Equation 4 describes a process with a high free energy barrier for the formation of the transition state, the magnitude of which decreases with increasing availability of H 2 O [30] . Equation 4 could therefore be written instead as:
where n is the number of additional H 2 O molecules (if any) that assist in the formation of intermediary H 2 CO 3 (n C 1). To be consistent with Eq. 5, Eq. 4 should then be rewritten as:
where the magnitude of m is C2, representing the two H 2 O molecules consumed in the reaction plus any additional H 2 O molecules that participated, similar to the way in which n accounts for additional H 2 O molecules in Eq. ? would be detected), so our study cannot address the extent to which non-ionized carbonic acid exists in dilute CO 2 -rich solutions.
Acids in Binary and Multi-component CO 2 -Rich Fluids
The free energy barrier to formation of carbonic acid in the absence of multiple 'helper' water molecules [30, 31] , and the tendency of water to promote dissociation of H 2 CO 3 to neutral species [32] [33] [34] (reversing Eq. 5), suggest that CO 2 -H 2 O solutions with low H 2 O concentration may form little carbonic acid. Likewise, molecular dynamics simulations suggest that H 2 O and CO 2 are weakly associated in CO 2 -rich solutions [35] and that H 2 O cluster formation is favored (the degree of CO 2 -H 2 O association is too small to break up the clusters) [36] . These studies suggest that, for low H 2 O concentrations, the reaction in Eq. 5 will not occur to a significant extent (and therefore ionization would not be favored). Given these results and the studies of Lin [6] , Schaef et al. [8] , and Glezakou and Dang [10] , we should not expect significant ionization to occur in the bulk fluid. To our knowledge this assumption has not been experimentally verified, so in an effort to better understand this process and confirm our hypothesis, the electrical conductivity of waterbearing CO 2 was measured to search for evidence of ionization of H 2 CO 3 in H 2 O-bearing, CO 2 -rich fluids. Compositions extending to the H 2 O solubility limit at ambient temperature were examined. We recognize that ionization may occur at the higher concentrations of H 2 O in the CO 2 -rich fluid that are attainable at higher temperature. Thus, additional experiments with CO 2 -H 2 O fluids equilibrated at superambient temperatures, requiring modification of the current experimental design, are planned in the future as a continuation of the initial investigation described here.
From a broader perspective, the properties and mechanisms underlying the reactivity of bulk binary CO 2 -H 2 O fluids will form a basis for further investigation into multicomponent CO 2 -rich fluids and the role of pore confinement. Consideration of these compositional and environmental factors may be necessary to more realistically simulate the CCS and EGS processes. Impurities are invariably present in CO 2 captured from industrial processes, e.g. as flue gas resulting from fossil fuel combustion. Acid gases such as H 2 S, SO 2 , and NO 2 , if present in significant concentration, may pose a challenge when predicting water-rock interactions [37] . The distribution of these components between the aqueous (brine) and CO 2 -rich phase and the interplay between solvation and confinement phenomena at solid-fluid interfaces are complex coupled processes [37] . Some aspects of the reactivity of acid gases have been investigated, such as alteration of well-bore cements by brines containing significant amounts of CO 2 and H 2 S [38, 39] and corrosion of steel by CO 2 containing H 2 O and SO 2 [40] . However, current experimental data and molecularlevel simulations of these multi-component systems are insufficient for predicting fluidrock interactions in the bulk and confined CO 2 -rich phase.
Materials and Methods

Conductivity Measurements
When a voltage is applied to a fluid containing dissolved ions, ions tend to migrate in the direction of their opposing charge. The ions act as charge carriers, allowing the solution to conduct electricity. The units of conductance are siemens (S), which are reciprocal ohms (X),
where A is amperes and V is volts. The conductance of the solution depends on the concentration and mobility of free ions, the geometry of the conductance cell, and other physical and chemical effects [41] . A more useful quantity when comparing results between experiments is the specific conductance (also known as conductivity) of the solution, which has units of SÁm -1 . Following convention, we use units of SÁcm -1 in this paper.
Flow-through conductivity is an ideal technique for studying ionization in low-conductivity fluids such as dilute or low-density solutions, especially at elevated (superambient) temperatures. This approach reduces errors caused by sorption to the walls of the cell and accumulation of impurities. The instrument used in this experiment is a modified version of a previously described design [12, 13] , as described below. The instrument was designed to study ionization in aqueous fluids and is capable of reaching 100 MPa and 1,023 K. Due to the high compressibility of carbon dioxide, which currently limits the maximum experimental pressure for CO 2 -rich fluids to 20 MPa, the loading procedure was modified, as described in Sect. 2.4. Additionally, although conductivity measurements can be made over a wide range of temperatures with this system, it is currently not possible to equilibrate fluid mixture samples at temperatures above ambient before loading into the apparatus. For this reason the maximum concentration of H 2 O at the PT conditions investigated in this work was limited to the solubility of H 2 O in CO 2 in the loading vessel, which is *1,600 ppmw (mole fraction of water, x H 2 O &3.9 9 10 -3 ) at 30 MPa and ambient temperature (the PT conditions in the loading vessel).
Instrument Design
The design used in this study is shown schematically in Fig. 3 
Ámin
-1 into and through the conductance cell having concentric platinum electrodes, described below in more detail. The tubing material between the pump and the cell is 1/8 00 (0.318 cm) outer diameter (OD) Hastelloy (all Hastelloy used in this experiment is Hastelloy C276) at ambient temperature and 1/16 00 (0.159 cm) Pt-Rh in the hot zone. The fluid exits the cell into a collection chamber, which also serves as one of two pressure buffers, and is externally chilled with CO 2 (s) (dry ice) at 194.5 K. Bottom schematic diagram of the entire conductance apparatus, including the sample loop, pumps, furnace, gas sources and measuring devices. The sample flow path is indicated by the large arrows Pressure inside the conductance cell is balanced by N 2 in the space between the cell and the pressure vessel. Nitrogen pressure is generated by a pressure booster (Haskel International) operated by compressed air, and is maintained by two back-pressure regulators (BPR). The collection chamber and additional pressure buffer provided excess volume to reduce the pressure response of the system as the volume of the collected waste solution increases and to small perturbations caused, for example, by switching between the sample loop and the bypass (pump CO 2 ). Pressure is measured by a pressure transducer (Precise Sensors 6550-1379-G-360-15F-B10-10). Experimental pressure was typically controlled to ±0.01 MPa, and the deviation never exceeded ±0.03 MPa, with the exception of two experiments (at 20 MPa and 298 K, and at 15 MPa and 304 K) when the BPR stuck in the open position momentarily, resulting in a brief pressure drop of *0.2 MPa. These irregularities occurred between measurements and pressure returned to the normal range before the next measurement was taken. Near the end of the series of experiments, a leak developed through an inaccessible seal in the collection vessel. This necessitated continual addition of N 2 to maintain constant pressure, and the BPRs were closed.
The cell is heated by an electric tubular furnace (Applied Test Systems, Inc. Series 3210) controlled by a Barber-Colman CIMAC 2 controller via an Instrulab 4212A temperature monitor. Cell temperature is measured by two platinum resistance probes calibrated to NIST-traceable fixed-point standards and accurate to ±0.02 K over the temperature range of the experiments. Two thermocouples are used to individually control two additional heating elements within the furnace: a pre-and a post-heater. The pre-and post-heaters were only used in experiments conducted at or above 373 K. Temperature was typically controlled to ±0.02 K. In three experiments (at 298 K and 15 MPa, at 423 K and 20 MPa, and at 423 K and 15 MPa) temperature fluctuations of up to ±0.29 K occurred. There was little to no discernible impact on the measured resistances.
The conductance cell, shown schematically in Fig. 3 and in a photograph in Fig. 4 , consists of a 6.22 cm length of 00 (0.635 cm) OD, 0.180 00 (0.457 cm) inner diameter platinum tubing (''the cup'') which is gold-soldered to the 1/16 00 (0.159 cm) Pt inflow tubing. The cup is compressed into a gold seal that is annealed to a 1.1 cm long, 1/4 00 (0.635 cm) OD sapphire cylinder with a 1/16 00 (0.159 cm) hole drilled along its long axis. A second gold seal is annealed to the opposite end of the sapphire cylinder, which is compressed into a segment of 1/8''(0.318 cm) platinum tubing to seal the outflow side of the cell. The inner electrode consists of 1/16 00 (0.159 cm) platinum tubing that also serves as the outflow tubing. The platinum tubing passes through the sapphire insulator and protrudes 5.15 cm into the cup. The inner electrode is welded shut on the protruding end. Solution exits the cell through holes at the base of the inner electrode. The inner and outer electrodes are coated in platinum black. The current passing through the cell is continuously monitored by an AC bridge (Wayne Kerr Precision Component Analyzer 6425B), which is configured to calculate resistance and capacitance by approximating the cell as a resistor and capacitor in parallel (see Sect. 2.5). The response time of the bridge display is nearly instantaneous (when an experiment was performed with a heterogeneous sample, which is described in Sect. 2.7, the display changed faster than the experimenter could record the value).
The cell is lightly compressed by a Hastelloy rod on the inflow side and a sapphire rod on the outflow side. The sapphire rod serves as an electrical insulator between the inner and outer electrodes. The force compressing the gold seals is set by two bolts and a stack of 10 precision Belleville springs (phosphated carbon steel, purchased from Fan Disc Corporation, California, USA) and flat washers. The entire cell assembly is contained within a Udimet 720 superalloy. The outer electrode (the platinum cup) is separated from the Udimet pressure vessel by \1 mm. The volume between the cell and pressure vessel is pressurized with N 2 to balance the inflow pressure such that the pressure gradient across the cell walls is minimized. This reduces the force needed to compress the gold seals between the sapphire and platinum to \100 N, and consequently eliminates the risk of fracturing the sapphire insulator and minimizes any changes of the cell geometry-two major experimental problems associated with the original flow cell design. Moreover, before installing the cell assembly inside the pressure vessel, the platinum electrodes were brazed to the sapphire insulator by annealing above the melting point of gold. Since the seal was fluid tight even before compression and the pressure difference was negligible, the force needed to maintain the seal is lower than in designs which are not pressure balanced.
The sample is contained in a loop of Hastelloy tubing with *15 cm 3 internal volume. The sample loop can be isolated from the rest of the apparatus (switched in or out of the line of flow) by means of a manifold consisting of several Hastelloy valves and 1/8 00 OD tubing. Prior to each experiment and between experiments, the cell was continually flushed with ''dry'' CO 2 and the baseline resistivity was monitored. Switching the sample loop in and out required flow to be stopped briefly. The tubing between the loop and the conductance cell has *2 cm 3 internal volume, so after each sample injection the typical experiment first records a baseline of ''dry'' CO 2 {\3 ppmw H 2 O in CO 2 (x H 2 O \8 9 10 -6 )} for 2 cm 3 (5 min; in all cases measurements were consistent with those taken before the interruption in flow), followed by the sample for *15 cm 3 (*38 min, ending at *17 cm 3 ) and finally the baseline again. Baseline ''dry'' CO 2 is indicated in Figs. 6, 7, and 8 by grey boxes.
Determination of the Cell Constant and Transition from Aqueous to CO 2 -Rich Solutions
The cell constant, which relates the measured cell resistance (X) to the resistivity of the solution (XÁcm -1 ), can be calculated from the geometry of the cell. For this apparatus, the calculated cell constant is 0.0327 cm . However, factors such as electrical fringing effects can result in a true cell constant that differs from the calculated constant, so for best possible accuracy it is necessary to calibrate the cell using solutions of known conductivity.
The cell was calibrated at 298 K using commercially available 0.00017 and 0.00068 molÁL -1 Alfa Aesar KCl conductivity standards and custom prepared KCl solutions. Solutions were prepared gravimetrically using 18.3 MX water (''conductivity'' water from a Barnstead Nanopure water purification system) and C99.95 % pure KCl (Baker Fig. 4 Photograph of the conductance cell, prior to assembly. Each square is 5 9 5 mm ACS reagent) that was additionally purified by filtering and double crystallization from conductivity water. The final concentration of remaining impurities was not verified. Solutions were prepared at target molarities of 0.0001, 0.001, 0.005, 0.01, 0.025 and 0.05 molÁL -1 . These solutions were prepared under helium from concentrated stock (to exclude atmospheric gases). The conductivities of these solutions were calculated after Justice [41] . Aqueous KCl solutions were prepared and introduced into the sample loop in the manner first described by Zimmerman [12] and Zimmerman et al. [13] .
A total of 14 calibration runs were made, including duplicate runs for some solutions, for a total of eight unique molarities tested. For each solution, the cell constant was calculated by:
where k is the cell constant, R x is the resistance of the solution, and j is the specific conductance of the solution.
Ion interactions such as ion pairing, which increase with increasing molarity, lead to uncertainties in the predicted relationship between bulk solution molarity and number of ions in solution at any concentration greater than infinite dilution. When ion pairing occurs, the paired ions (in this case KCl 0 ) are neutral and do not contribute to solution conductivity. The ion pairing effect is minimized in very dilute solutions. Conversely, however, dilute solutions are very sensitive to contamination or sorption effects. The cell constant was calculated at multiple molarities and then extrapolated to infinite dilution by linear regression (Fig. 5) . It was found that all results from custom prepared solutions except the most dilute solution agreed well with linear extrapolation (R 2 = 0.946) to infinite dilution. The cell constant determined from the most dilute solution was rejected as an outlier, for reasons described above. This approach yielded a cell constant of 0.0298 cm . The commercial conductivity standards were not included in this calculation because it was not possible to degas these solutions without altering the concentration of KCl in the solution due to loss of H 2 O vapor while degassing. Consequently the degassing procedure, used during preparation of custom solutions, was omitted when using commercial standards. Therefore, atmospheric CO 2 and O 2 , (which ionize and contribute to solution conductivity), were present in the commercial solutions during testing. However, the commercial solutions were in general agreement (±2 to 6 %) with the cell constant as determined above.
After the cell constant was determined, the apparatus was flushed with degassed conductivity water for about 2 weeks to remove residual KCl. By the end of the flushing procedure, the resistance reading had not returned to a value consistent with the resistivity of ''conductivity'' water (18.3 MX), leading us to suspect that KCl (or other impurities) was still desorbing from the interior of the apparatus. The new apparatus was used for the first time in this work and the cell had not been rinsed at temperatures exceeding ambient prior to present measurements. The measured conductivity of conductivity water was *1 mSÁcm -1 at 1 kHz, or *0.7 % of the conductivity of the most dilute solution used for calibration. This may have introduced a small amount of error in determination of the cell constant (0.0298 ± 0.002 cm ) so we report the cell constant as 0.030 cm -1 and use this value in subsequent calculations. This conductivity value (1 mSÁcm -1 at 1 kHz) does not represent the sensitivity of the instrument. The measured conductivity of vacuum and N 2 ranged from 5 to 6 orders of magnitude lower than 1 mSÁcm -1 (*2 to *23 pSÁcm -1 at 1 kHz; see Fig. 11 in Sect. 3).
Following the addition of the cold trap to the spent solution collection vessel, the entire apparatus was evacuated for 6 days. At the end of this period the resistivity of vacuum fluctuated between 6 and 12 GX (2.5-5 pSÁcm -1 at 1 kHz). The apparatus was then pressurized with N 2 to 7.3 MPa. The resistance at this N 2 pressure was 7-15 GX (2.0-4.3 pSÁcm -1 at 1 kHz). These values are substantially greater than the maximum impedance (400 MX, or 75 pSÁcm -1 with this cell constant) for which the bridge manufacturer reports accuracy data and should be considered outside of the instrument range. This indicates the cell is functioning as a nearly ideal capacitor (as expected for vacuum or nonconductive gas).
Over the course of these experiments we observed an overall tendency to higher resistance (lower conductivity) with elapsed experiment time, which is consistent with gradual removal of some small amount of impurity as the fluid flowed through the system. This is expected, as it is the first use of this apparatus and some residual impurities likely remained following initial assembly and testing of the apparatus. When CO 2 was introduced into the apparatus, ''dry'' {\3 ppmw H 2 O (x H2O \8 9 10 -6 )} CO 2 had a conductivity (3.2 nSÁcm -1 at 1 kHz) that was *2.5 times larger than that of the same CO 2 sample measured on the second day (1.3 nSÁcm -1 at 1 kHz). The conductivity of this ''dry'' CO 2 had decreased by a factor of one hundred by the conclusion of these experiments, to *12 pSÁcm -1 at 1 kHz. While carbon dioxide has limited ability to transport ions compared to solvents such as H 2 O ( [42, 43] , and references cited therein), it does have some ability to solvate ions, in particular large monovalent ions such as K
? [43] which may be enhanced by the presence of H 2 O [44] . The trend toward lower conductivity with time suggests that some trace amounts of CO 2 -soluble ionized contaminants were gradually removed from the system. These trends, and impact of potential contaminants on our interpretation of results, are discussed further in Sect. 4.3.
Sample Preparation and Loading
In this work two pressure vessels were used to prepare H 2 O-bearing, CO 2 -rich solutions before they were introduced into the sample loop. The first is a titanium vessel with an internal volume of *60 cm 3 . This vessel was used for all other experiments. Vessels and syringes were thoroughly rinsed at least three times in 18.3 MX conductivity water and then desiccated overnight prior to each use. The stainless steel vessel had not been used in prior experiments, so it was additionally rinsed in methanol three times prior to the first use.
The pressure vessel was filled with argon to exclude atmospheric gases. A syringe was filled with conductivity water and weighed on a balance accurate to 0.1 mg. The water was injected into the pressure vessel, and the syringe was weighed again to determine the mass of H 2 O that had been injected. Balances used in this experiment were routinely calibrated against external mass standards and showed negligible drift. In experiments run at the maximum H 2 O concentration which could be introduced, excess H 2 O was used (*4 times saturation at the desired pressure and at room temperature). The vessel was then sealed and the mass was recorded.
The vessel, at this point containing only H 2 O and argon, was placed in a Dewar filled with crushed dry ice and chilled for 15 min to freeze (solidify) the H 2 O. While still chilled in the Dewar, the vessel was evacuated until the pressure was less than 100 mTorr (*0.000013 MPa). This procedure removed argon from the vessel while minimizing H 2 O loss to sublimation. The vessel was then removed from the Dewar and pressurized with CO 2 {Airgas certified 99.999 % CO 2 with \1 ppmw H 2 O (x H2O \3 9 10 -6 ); this second supply tank was certified by the vendor as slightly ''drier'' than the first tank that contained \3 ppmw H 2 O (x H2O \8 9 10 -6 )}. The titanium vessel was pressurized to *20 MPa and the steel vessel was pressurized to *30 MPa. Heating due to compression and the prior chilling of the vessel resulted in a higher temperature in the top half of the vessel than in the lower half, where the water had been frozen. The vessel was allowed to thermally equilibrate for about 30 min while pressure was monitored. When thermal equilibration resulted in a pressure change, the pressure change was always negative. In this case, additional CO 2 was added to the vessel and it was again allowed to equilibrate. Equilibration never resulted in a pressure increase, which would have required CO 2 to be released and could have changed the H 2 O/CO 2 ratio of the fluid. As a result flow was always one-way into the vessel. The mass of the filled vessel was recorded after the required pressure and temperature were achieved as described above.
The sample loop was isolated from the cell using the manifold before the sample was introduced. The sample loop and portion of the manifold that had been exposed to the previous sample (values, tubing etc.) were evacuated prior to filling. After the loop was evacuated, it was sealed and the pressure vessel was connected to the manifold. The sample was allowed to expand through the manifold into the sample loop. This resulted in some temperature change (see Sect. 4.2). The system was allowed to return to room temperature before proceeding. The entire loading procedure lasted about 15 min. The maximum amount of H 2 O introduced into the sample loop was limited to saturation at room temperature, or about 1,500-1,600 ppmw (3.7 9 10 -3 \ x H 2 O \ 3.9 9 10 -3 ; see Sect. 4.2 for details). The range of compositions that could be introduced fall within the region shaded red in Figs. 1 and 2b (saturated compositions at room temperature, which ranged from 295 to 298 K, lying on or very close to the 298 K isotherm). When using the 300 cm 3 steel pressure vessel, three consecutive experiments were run with one sample charge, resulting in lower pressure in the sample vessel on each filling.
Prior to and throughout the loading procedure, the cell was flushed with ''dry'' CO 2 at experimental temperature and pressure, bypassing the sample loop. After the sample was loaded into the loop, the bypass was cut off, briefly stopping flow. The loop was opened to the pump and, if necessary, the sample was compressed to bring it to experimental pressure. The sample was typically compressed less than 0.5 cm 3 (3.3 % of the initial volume). The loop was then opened to the cell and flow was resumed. The entire procedure, from stopping to resuming flow, took less than a minute.
Experimental Procedure
The flow rate during the experiment was 0.4 cm 3 per minute. Throughout the experiment the resistance and capacitance of the solution were measured by a Wayne Kerr Precision Component Analyzer 6425B, assuming an equivalent circuit of a capacitor and resistor in parallel. These data were recorded before, during, and after the experiment. Conductivity measurements become less accurate at high frequencies, as current passing through the capacitive component of the equivalent circuit begins to dominate [45] . At low frequency, polarization of the electrodes results in concentration gradients in the solution. Therefore, conductivity values are measured at multiple frequencies and then extrapolated to infinite frequency. When a plateau was reached in the resistance reading (or near the end of sample volume, *15 cm 3 depending on how much the loop was compressed after sample loading) the resistance was recorded at 1, 2, 5, 10, and 20 kHz. In many experiments, measurements at 10 and 20 kHz resulted in anomalous readings, including negative resistance, because the resistance of the sample was usually beyond the range of the bridge. For consistency, extrapolations to infinite frequency only used the resistance readings at 1, 2, and 5 kHz for all experiments. We found a linear relationship between conductivity at 1 kHz and conductivity extrapolated to infinite frequency for H 2 O-CO 2 solutions with 1,330-1,600 ppmw H 2 O (3.25 9 10 -3 \ x H 2 O \ 3.9 9 10 -3
; R 2 = 0.95). See Sect. 4.2 for details on the accessible range of compositions. When data at 2 and 5 kHz were not useable or not available, this linear relationship was used to estimate conductivity at infinite frequency. This method of extrapolation is expected to result in additional uncertainty of ±0.5 nSÁcm -1 , on average, compared to extrapolation based on 1, 2, and 5 kHz measurements.
Conductivity Experiments with Very Dilute Solutions
For the purpose of determining the conductivity of fluids, the conductivity cell is approximated by an equivalent circuit of a resistor and capacitor in parallel. To the extent that this approximation is correct, a portion of the total current (and hence apparent conductivity) is due to charging and discharging of the electrodes as the current alternates, analogous to a capacitor. The remainder of the total current flows through the solution as ions move in response to the applied voltage, analogous to a resistor.
The portion of the total current attributed to the resistive component, proportional to the conductivity of the solution, is determined by measuring the phase shift angle between the alternating voltage and current. If all of the current flows through the resistive leg of the circuit (i.e., the conductivity of the solution is large relative to the capacitance), there is no phase shift. If all of the current flows through the capacitive leg of the circuit (the solution has no conductivity), the phase shift is 90°. Due to very low conductance of the CO 2 -rich phase, the capacitance of the cell was sufficient, at the acoustic range frequencies used in these experiments, to bring the difference between the phase shift angle and 90°below the range of the Wayne-Kerr component analyzer, indicating that the admittance of the cell (i.e., the ease with which current flows) dominated its conductance by several orders of magnitude. At these conditions, an error in the phase shift angle measurement equal to the instrumental uncertainty would induce a disproportionately larger error in conductance attributed to the solution, or even lead to a physically impossible result (e.g., negative conductance). The cell used in this study was designed for dilute and low-density aqueous solutions. The cell constant is small (0.030 cm -1 ) which makes it possible to study fluids exhibiting low ionization. It was found that the solutions measured in this experiment had conductivities about 20 times less than 18.3 MX conductivity water (''ultra-pure water''). The ideal cell constant for such low conductivities would be significantly smaller than the cell constant of the present apparatus. Achieving such a cell constant would require large, closely spaced electrodes, which pose a range of experimental challenges.
Confirmation of Sensitivity Using CO 2 -Methanol-KCl
The exceedingly low fluid conductivities measured for CO 2 -rich solutions over the course of this study are outside the optimal range for this conductivity cell. As the instrument had not previously been used, the degree of sensitivity to such minimally conductive solutions had not been established. To aid our interpretation of our results, we performed an experiment in the system CO 2 -methanol-KCl at 318 K and 8 MPa to determine if the cell was sufficiently sensitive to detect dilute KCl in CO 2 , using methanol as a co-solvent. A methanol-KCl solution with a molality of *0.0054 molÁkg -1 KCl (e.g., below saturation at 298 K, from the data of Pinho and Macedo [46] ) was prepared by weight at room temperature. The final composition of the methanol-rich solution was not independently confirmed. A CO 2 -rich CO 2 -methanol-KCl solution was prepared with a target composition of *90 mol% CO 2 , *10 mol% methanol (neglecting the small concentration of KCl in methanol) using the same procedure as was followed for CO 2 -H 2 O solutions as described above. This composition is in the 1-phase field for the system CO 2 -methanol at both room temperature and the experimental conditions [47] . However, a decrease in pressure during loading (*3 MPa) could place this composition in the 2-phase field until it is returned to experimental pressure [47] .
The results of the experiment with CO 2 -methanol-KCl are depicted in Fig. 6 . A spike in conductivity occurs shortly after the sample enters the cell, followed by what appears to be 2-phase flow based on the scatter in conductivity values ( Fig. 6; inset) . However, this composition is in the one-phase field at experimental conditions. The magnitude of the fluctuation is much smaller than would be expected for a methanol-rich phase with KCl and a CO 2 -rich phase, in which KCl is sparingly soluble. It is possible that this behavior represents heterogeneity in the sample. The sample was at lower than experimental pressure when opened to the pump (it was compressed 0.84 cm 3 , or about 5.6 % by volume to bring it to experimental pressure) which may have caused exsolution of methanol and some separation by density before flow was started. When the loop was compressed, any methanol that exsolved would have redissolved into the CO 2 , as there is complete miscibility between CO 2 and methanol at the experimental pressure (8 MPa) and at both experimental and room temperature [47] . Note that the conductivity overall was very small (it did not exceed 1.6 nSÁcm -1 ), yet small heterogeneity in the fluid was clearly detected. We can conclude that the experimental apparatus is sensitive to extremely small changes in conductivity (on the order of 0.1 nSÁcm -1 at 1 kHz) for fluids with conductivities in this range.
Results
Resistance and capacitance of the solution were monitored and recorded during the experiments. In all cases, except where contamination was suspected (immediately following the replacement of an O-ring in the sample vessel), no significant difference in resistance was observed between the H 2 O-CO 2 sample containing up to 1,600 ppmw H 2 O (x H 2 O = 3.9 9 10 -3
) and ''dry'' CO 2 {\3 ppmw H 2 O (x H 2 O \8 9 10 -6 )}. All resistance readings of H 2 O-CO 2 solutions were on the order of MX to GX (i.e., extremely high), indicating extremely low conductance. This is in contrast to experiments with CO 2 -methanol-KCl, where the signal from the CO 2 -methanol-KCl sample is easily distinguished from that of ''dry'' CO 2 (see Fig. 6 , values are plotted as conductivity). Small changes in capacitance were associated with or slightly lagged behind the arrival of the sample for experiments conducted at PT conditions where H 2 O solubility in CO 2 is low. This effect was most pronounced at 298 K, and may have been the result of a small amount of H 2 O adsorbing onto the cell walls as a result of a slight decrease in H 2 O solubility under experimental conditions compared to the loading vessel (see Sect. 4.2 and Fig. 13 for more details on the PT path of the experimental fluids during loading). Examples of unprocessed capacitance and resistance data from experiments are shown in Fig. 7 . Figure 8 depicts the same resistance data presented in Fig. 7a (298 K, 20 MPa), after conversion to conductivity using the relationship given by Eq. 8. Conductivities in Fig. 8 are at 1 kHz (not extrapolated to infinite frequency). During the experiment, ''dry'' CO 2 is continuously flushed through the cell, and intermittently a slug of wet CO 2 (the sample) is introduced. Introducing the sample requires a brief stoppage of flow. In an idealized flow conductance experiment, conductivity would show an instantaneous change when the sample reaches the cell ( Fig. 8 ; portion of dashed line from *0-2 cm 3 labeled ''A''), and the conductivity would plateau at the true value ( Fig. 8 ; portion of dashed line at ) before the entire sample has passed through the cell ( Fig. 8 ; portion of dashed line beginning at *17 cm 3 labeled ''C''). This idealized behavior is shown schematically in Fig. 8 by the dashed line. Development of a plateau in idealized conductivity data ( Fig. 8 ; line labeled ''B'') is a result of sweeping out the blank by the sample (with limited mixing at the front of the sample plug) and progressive sorption of solute to the cell and tubing, eventually reaching equilibrium. This behavior was not observed in any of our experiments with CO 2 (data points shown in Fig. 8 are from one experiment); conductivity values were essentially linear between the time that the sample entered the cell ( Fig. 8 ; point ''D'') and the time that the sample exited the cell ( Fig. 8 ; point ''E''), demonstrating that there was no significant difference in the )} and ''dry'' CO 2 .
As no distinguishable plateau was observed, the conductivity values reported here are the values measured near the end of the sample residence time in the cell as determined by the flow rate and volume of fluid between the cell and end of the sample (the volume of the loop adjusted for compression, if any, plus 2 cm 3 of ''dry'' CO 2 ; see above). The conductivities measured represent the sum of all of the ions in the solution. All solution conductivity values reported are below the conductivity of completely deionized water (i.e. the conductivity and degree of ionization are extremely low). Figure 9 shows the conductivities of CO 2 containing up to 1,300 ppmw H 2 O (saturation) at 298 K and 8 MPa. All concentrations of H 2 O from \3 ppmw (x H2O \8 9 10 -6 ; average of 12 measurements plotted as a triangle at 1 ppmw in Fig. 9 ) to saturation were found to have maximum conductivities \*5 nSÁcm -1 . No systematic relationship was found between the concentration of H 2 O in CO 2 and the conductivity at 298 K and 8 MPa, as illustrated in Fig. 9 , nor was there a detectable difference between the H 2 O-CO 2 solution and ''dry'' CO 2 {\3 ppmw H 2 O (x H 2 O \8 9 10 The shaded region represents a blank (''dry'' CO 2 ) before and after each experiment. The unshaded region represents the sample, in this case CO 2 containing *1,600 ppmw H 2 O. In an idealized experiment where the sample has greater conductivity than the blank, we would expect a trend as indicated by the dashed line. At point (A), when the sample enters the cell, the conductivity should rapidly increase, reaching a plateau at (B). When the sample leaves the cell (point C), the conductivity should gradually return to that of the blank. In the actual experiment there is no detectable difference when the sample enters the cell (point D) or exits the cell (point E). Conductivities are at 1 kHz conditions, from near the critical temperature and pressure of CO 2 (404 K and 7.39 MPa) to 473 K and 20 MPa were tested at the maximum H 2 O concentration which could be introduced {B1,600 ppmw H 2 O (x H2O B3.9 9 10 -3 ) for the stainless steel vessel and B1,510 ppmw (x H2O B3.7 9 10 -3 ) for the titanium vessel-see Sect. 4.2}. The total solution conductivity did not exceed 10 nSÁcm -1 in any of the experiments. Table 1 presents the PTX conditions for each experimental sample, the pressure vessel that was used, and the total conductivity of the fluid. Two experiments are omitted due to high uncertainty associated with the two samples (the first ''dry'' CO 2 measurement after aqueous KCl standards, and one H 2 O-CO 2 solution; see Sect. 4.3). In both cases the experiment was repeated at the same PTX conditions. All samples reported in Table 1 (except those presented in Fig. 9 ) are presented in Fig. 10 . The final nine experiments have the lowest measured conductivity for these experimental H 2 O-CO 2 solutions (see Sect. 4.3 for a discussion of this phenomenon). The results of these experiments were similar to the measurements with vacuum (which has a true conductivity of zero) or N 2 (at 298 K and 7.3 MPa) present in the conductivity cell. Figure 11 presents the total range of conductivity for these nine H 2 O-CO 2 solutions, as well as the range of measured conductivity of vacuum (2 measurements) and N 2 (one measurement at 298 K and 7.3 MPa).
Discussion
Experimental Results in Comparison to Common Solutions
For all PT conditions and concentrations of H 2 O tested, the maximum conductivity of H 2 O-CO 2 solutions extrapolated to infinite frequency was \10 nSÁcm -1 , which is very low in comparison to even the most dilute aqueous solutions. Figure 12 shows the total range in conductivity of tested CO 2 solutions, as well as the conductivities of a 0.0068 molÁL -1 KCl aqueous solution, and typical values for sea water, distilled water, The first entry (marked with an asterisk) is the average of 12 ''dry'' CO 2 standards (\3 ppmw H 2 O) at those PT conditions. Two experiments are omitted, as they suffered from contamination. See the text for details and deionized ''conductivity'' water (with the resistivity q = 18.3 MXÁcm or the conductivity j = 0.055 lSÁcm
, referenced to 298 K) for comparison. Conductivity values listed in Fig. 12 range from that of a good conductor (sea water) to that of an insulator (''conductivity'' water, where the conductance is due only to auto-ionization producing an equilibrium concentration of 10 -7 molÁL -1 of both H 3 O ? and OH -). All tested H 2 O-CO 2 solutions had conductivities 6-55 times less than ''conductivity'' water at 298 K. Carbon dioxide and H 2 O have very different physical and chemical properties, so this comparison does not imply an equivalence in ion concentration at a particular conductivity. The comparison is presented to illustrate the very low conductivity of these CO 2 -rich solutions. Table 1 ). All conductivity values are very low (*6 to *55 times less than the conductivity of ultra-pure water). The lowest conductivity measurements are comparable to the apparent conductivity of vacuum and N 2 . The range of the nine lowest measurements is compared to the range of apparent conductivity of vacuum and N 2 in Fig. 11 . Values are plotted assuming all observed conductivity is due to ionization of H 2 O As indicated previously, the apparatus used in this study was designed for H 2 O-rich fluids, which are minimally compressible. When using H 2 O rich-fluids, such as the H 2 O-KCl calibration standards, the sample loop was loaded at atmospheric pressure as described in Sect. 2.3. This procedure leaves little uncertainty that the fluid composition loaded into the sample loop is the same composition as the fluid in the source vessel. Carbon dioxide, however, is highly compressible, which necessitated the modified loading procedure described in Sect. 2.4. This, and the current absence of a means to introduce fluids equilibrated above ambient temperature, limited the maximum experimental H 2 O concentration to the solubility of H 2 O in CO 2 at room temperature and 20-30 MPa. This pressure range corresponds to the maximum pressure capability of the pressure vessels, which is 20 MPa for the titanium vessel and 30 MPa for the steel vessel. The solubility of H 2 O in CO 2 at these conditions (298 K and 20-30 MPa) is *1,500 to *1,600 ppmw (*3.7 9 10 -3 \ x H 2 O \ 3.9 9 10 -3 ; calculated from the equations of Spycher and Pruess [14] ). Measurements at significantly higher H 2 O concentration, while desirable, would necessitate a major modification of the inflow side of the apparatus to include two source pumps and a temperature-controlled mixing zone, such as the configuration described by Simonson et al. [48] for a vibrating tube densimeter. The latter is technically feasible and recommended for experimenters working with compressible fluids, but such a redesign was not necessary to achieve H 2 O concentrations greater than saturation at the PT conditions of the experiments of McGrail et al. [20] , which displayed the corrosion behavior of interest.
Expansion of CO 2 into vacuum during the loading procedure resulted in temperature change due to various effects (i.e., near-adiabatic expansion, the Joule-Thomson effect [49, 50] , etc.). This resulted in modest perceptible cooling in the source vessel. The sample loaded into the loop likely experienced less temperature change than in the source vessel, A decrease in temperature results in a decrease in H 2 O solubility, followed by an increase in solubility as the sample returns to room temperature [14, 15, 51] . Figure 13 shows a schematic representation of the effect of PT changes on the sample (actual temperature change was likely less than is depicted). First, the sample cools as it undergoes expansion upon entering the cell that is initially at vacuum, as shown by the arrow in Fig. 13 labeled (1) . If phase separation occurs during loading, we expect it to be partially reversed as the sample is allowed to return to ambient temperature at lower pressure than in the pressure vessel ( Fig. 13 ''2'' ). This has resulted in a small net decrease in solubility at equilibrium (Fig. 13 ''3'') . At experimental PT conditions where the solubility of H 2 O in CO 2 is greater than in the loading vessel {*1,600 ppmw (x H2O &3.9 9 10 -3 ) maximum}, we expect any H 2 O which exsolved in the sample loop would re-dissolve as it was brought to experimental temperature. This may result in some inhomogeneity (as seen for CO 2 -methanol-KCl in Fig. 6 ) but, if inhomogeneity were present for binary H 2 O-CO 2 fluids, there was no observable impact on conductivity which remained very low at all times and was indistinguishable from ''dry'' CO 2 .
When H 2 O solubility at experimental PT conditions is less than in the loading vessel, a small amount of aqueous fluid (e.g. as a wetting fluid or emulsion) may be present in the conductivity cell. This may explain the increase in capacitance observed in experiments conducted at 298 K (Fig. 7b, d) . If an H 2 O-rich phase was also present, it may have introduced an error into the conductivity measurements, as the assumption is that all conductivity is due to the bulk fluid. However, when the bulk fluid is minimally conductive (as seen in Fig. 7a , c, and our overall results in Fig. 10 ) the presence of an aqueous fluid could only result in an over-estimation of the conductivity of the experimental fluids. Since our measurements did not detect any measureable effect of dissolved water on the conductivity of CO 2 , any over-estimation must likewise be insignificant and irrelevant. Fig. 13 Schematic representation of the PT path a CO 2 -rich solution would follow when being loaded into the sample loop. This figure, modified after Spycher et al. [51] , represents a 13 K temperature change; the actual temperature change for the sample may have been different. Starting at room temperature and experimental pressure, the sample cools as it expands into the evacuated loop (1) (the choice of 285 K for this illustration is arbitrary). The loop is allowed to return to room temperature (2) before the experiment begins. There is a small net drop in solubility (3) which may result in a small proportion of co-existing aqueous phase
Potential Impact of Contamination on Results
As with any experiment measuring conductivity of fluids with extremely low conductance, exceptional cleanliness of the sample cell and all materials that the fluid comes into contact with is essential. Conductivity on the order of nSÁcm -1 , as routinely measured in this experiment, is comparable to the conductivity of nano-molal concentrations of KCl in aqueous solution (a calculated value using equations of Justice [41] ), after correcting for the much larger conductivity due to the auto-ionization of water, at 298 K and 0.1 MPa. The results for an aqueous KCl solution are not directly applicable to the present study because the conductivity due to the same concentration of KCl in CO 2 would be different (under PT conditions which would allow for a 1-phase fluid of this composition), owing to the different physical properties of CO 2 at experimental PT conditions and water at 298 K and 0.1 MPa. The example above for an aqueous system is presented only as a point of reference for interpreting conductivities on the order of 1 nSÁcm )} over the course of these experiments. Figure 14a , b depict the measured conductivity of ''dry'' CO 2 before and after each experimental sample measurement, plotted against the number of experiments performed. In most cases the measurements before and after a given experiment plot directly on top of each other. Figure 14a , b depicts the same data. These data are both polybaric and polythermal. All experimental fluids preceding the ''dry'' CO 2 are in the H 2 O-CO 2 system, with the exception of the experiments indicated by the dark grey squares (which included KCl and/ or methanol). Despite variation in the experimental conditions, clear trends are evident. Experiments 1-17 were conducted using the titanium pressure vessel at 8 MPa, with the exception of experiments indicated by light grey squares outlined in black which were conducted at 7.39 MPa. Taken together, the data from experiments 1-17 show a gradual decrease in the measured conductivity of ''dry'' CO 2 with time, which is consistent with gradual sweeping of some trace contaminant out of the system with continued flow. This contaminant may have been residual KCl, which is slightly soluble in CO 2 [43] , that was retained in the tubing and cell from calibration measurements. The increase in conductivity following the first introduction of a new pressure vessel (Fig. 14a point '' A'') is likely due to an unknown contaminant introduced with the new vessel (which was not fully removed by the cleaning procedure described in Sect. 2.4) that gradually moved along the interior walls of the apparatus as fluid flowed through the system. It is possible that this contamination was residual KCl from the two preceding experiments; however, if this was the case, we would expect the ''dry'' CO 2 following these experiments to carry KCl as well and thus have significantly higher conductivity than the ''dry'' CO 2 before the experiments (this behavior was not observed). The apparatus was evacuated for 4 days prior to experiment #31 (Fig. 14a data point '' B''), after which ''dry'' CO 2 displayed essentially no conductivity, similar to N 2 and vacuum (Fig. 11) . Figure 14b presents the same data as Fig. 14a , plotted on a scale that can also display the conductivity of completely deionized water at ambient conditions (free of all ions except for those produced by auto-dissociation). Ionization in pure water is very small (10 -7 molÁkg -1 of both H 3 O ? and OH -), and does not result in significant reaction with For nearly all experiments, there is only one point visible (the ''before'' and ''after'' points are nearly same). This figure is both polybaric and polythermic. The light grey squares outlined in black were conducted at near critical conditions (304 K and 7.39 MPa). Experiments indicated by the dark squares included KCl and/or methanol. The experiment indicated by point ''A'' is the first experiment with a new steel pressure vessel. The experiment indicated by point ''B'' is the first after the apparatus had been evacuated for 4 days. See text for further description and discussion. b This figure presents the same data as a plotted on a scale that can also display the conductivity of completely deionized water. Conductivity indicative of ionization sufficient to cause significant reaction with metals or minerals is expected to be much higher than that of pure water, i.e., the observed contamination is exceedingly small. The apparently large variation evident in a is due to the scale of the figure and the high sensitivity of the instrument minerals or metals. Of course, pure water will reach equilibrium with other materials which requires some dissolution until the solution is saturated in that phase, but further attack on most materials does not proceed at a measurable rate even at elevated temperatures (e.g. Johnson [52] ). We expect that the extent of ionization in CO 2 -rich solutions that have the capability to corrode minerals or metals must be significantly higher than that of pure water. Therefore, we conclude that the levels of contamination implied by conductivity trends presented in Fig. 14 are not a cause for concern when interpreting our results because the measured conductivities indicate extremely low ionization, which cannot directly lead to significant corrosion regardless of the source of ions.
Comparison to Previous Studies and Computational Models
In view of the low conductivities measured throughout in this study (Fig. 8) , we would suggest that bulk ''wet'' CO 2 is no more corrosive than ''dry'' CO 2 if we were to consider no mechanism other than ionization in the bulk fluid. This result is apparently in opposition to some other studies [6] [7] [8] [9] 20 ] that provide experimental evidence that minerals and metals in contact with ''wet'' CO 2 undergo rapid carbonization reactions. We emphasize, however, that our experimental design is very sensitive to changes in bulk fluid conductivity, while being very insensitive to other processes that may be occurring in the cell. The concentrations of H 2 O tested in this study, B1,600 ppmw H 2 O (x H2O B3.9 9 10 -3 ), are less than the saturation concentrations at the conditions tested by Lin et al. [6] and Schaef et al. [8] , but include concentrations that are saturated at the conditions tested by McGrail et al. [20] (*298 K and *7 MPa). We cannot rule out the possibility that ionization does occur in CO 2 with[1,600 ppmw H 2 O (x H2O [3.9 9 10 -3 ) under conditions studied by Lin et al. [6] and Schaef et al. [8] . However, our results clearly rule out significant ionization in the bulk fluid at H 2 O saturation at 298 K and 8-20 MPa. This implies that ionization due to H 2 O in the bulk CO 2 -rich fluid cannot explain the corrosion reported by McGrail et al. [20] . Therefore, our results support the conclusion reached by the aforementioned studies that these reactions reflect processes other than ionization of H 2 O in the bulk fluid, and we confirm this conclusion for the PTX conditions in this study.
While ionization in the bulk fluid is not supported by our data, a gradient in ionization as a function of distance from the substrate surface cannot be excluded by our results if the region with significant ionization is small. For example, the carbonization reactions that that have been observed under these conditions may be mediated by a thin film of aqueous fluid [6, 7] . Alternatively, these reactions may proceed due to direct molecular interaction of H 2 O and CO 2 with some materials (both hydrous and anhydrous) [7] [8] [9] [10] , or have some other as yet unidentified cause. This interpretation is also in agreement with computational models of the CO 2 -rich phase from several studies that predict a high free energy barrier to carbonic acid formation [30] , a tendency for H 2 O to cause dissociation of carbonic acid to neutral species [32] , lack of strong complexation between H 2 O and CO 2 [35] , and a preference for H 2 O cluster formation over H 2 O-CO 2 association [36] .
Implications for Enhanced Geothermal Energy Production and CO 2 Sequestration
Results of this study show that ionization in the bulk fluid can be ruled out as a cause of the rapid corrosion and carbonation reactions that have been reported at ambient temperature [20] {and at higher temperatures with H 2 O concentrations B1,600 ppmw (x H2O B3.9 9 10 -3 )}. This interpretation has implications for geoengineered systems, such as enhanced geothermal energy production using CO 2 as the working fluid and CO 2 sequestration in geologic formations, as well as other natural systems. In a CO 2 storage reservoir, lack of ionization in the bulk fluid suggests that ''wet'' CO 2 may have little ability to transport inorganic ions over the PTX conditions tested (although these systems may involve fluids that span a broader range of PTX conditions than those considered here). If ''wet'' CO 2 lacks ionization in the bulk fluid, we should expect that formation of carbonate minerals will only occur at the site of the solid reactant(s) and will not occur at other locations via advective transport of dissolved components. Therefore, CO 2 -H 2 Omineral reactions occurring in the cap rock of a CO 2 storage formation may enhance storage security. Reactions occurring in-place will not dissolve and transport material away from the site of reaction (with the exception of nonionic solutes, e.g. hydrocarbons). The positive change in volume resulting from the addition of ''carbon'' to the rock may decrease porosity and close fractures, giving the system a ''self-healing'' quality. This also suggests that CO 2 -H 2 O-mineral reactions with the host formation will tend to decrease permeability, which will in turn affect fluid flow through formations associated with CO 2 sequestration and enhanced geothermal energy production.
At conditions where there is complete miscibility in the H 2 O-CO 2 system (which include conditions relevant to EGS), there is likely some combination of PTX conditions where a transition occurs from detectable to undetectable ionization. Understanding how and when this occurs may give us new insight into this geologically important fluid system, including the ability to identify fluid compositions that most (and least) favor corrosion. Detectable ionization may occur in the CO 2 -rich phase at other PTX conditions as well, which may include CCS conditions as well as PT conditions of this study but for higher concentrations of H 2 O.
Additional studies are recommended to determine if, and to what extent, thin films of aqueous fluids are responsible for these reactions and to what extent direct molecular interaction between the fluid and material surfaces are responsible (which may vary depending on the material surface in question). A better understanding of the mechanism(s) leading to corrosion of metal may lead to the development of processes to minimize corrosion and extend the lifetime of steel (and other materials) in contact with ''wet'' CO 2 , reducing costs associated with enhanced geothermal energy production.
Summary and Conclusions
No demonstrable difference was observed between the conductivity of ''dry'' and ''wet'' CO 2 over all measured PT conditions and H 2 O concentrations up to saturation of liquid CO 2 at ambient temperature {*1,600 ppmw H 2 O (x H 2 O &3.9 9 10 -3 ) at 30 MPa}. In all cases these solutions exhibited extremely low conductivity: *1-9 nSÁcm -1 , or about 6-55 times less than ultra-pure water (Figs. 10, 12) . In some experiments, the conductivities of ''wet'' CO 2 were comparable to the measured conductivities of vacuum and N 2 (Fig. 11) . These results suggest that the bulk CO 2 -rich fluids at the PTX conditions of this study are free or nearly free of ions (originating from ionization of H 2 CO 3 , auto-ionization of H 2 O, or some other mechanism).
The PTX conditions in this study included H 2 O saturation at 298 K and 8-20 MPa (1,330-1,510 ppmw H 2 O {3.25 9 10 -3 \ x H2O \ 3.69 9 10 -3 )}. The H 2 O-saturated fluids examined in this study contain more water than CO 2 -rich fluids that have been reported to aggressively corrode mild steel under similar PT conditions (298 K, 7 MPa, and 1,250 ppmw H 2 O (x H2O = 3.06 9 10 -3 ) [20] . Given the near total absence of ionization in these fluids, we experimentally confirm the conclusion reached in earlier experimental studies [6] [7] [8] [9] 20 ] and computational models [10, 30, 32, 35, 36] that some mechanism other than ionization in the bulk CO 2 -rich fluid is responsible for the reactivity of ''wet'' (and/or ''dry'') CO 2 in contact with various materials under the PTX conditions of this study.
